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suMMARY

An investigationof combustionoscillationswasconductedusing
whitefumingnitricacidanda hydrocarbonfuelina 1000-pound-thrust
rocketengine.Photographsweretakenofthescreamingcombustion
througha transparentsectionofthechaniberwitha 40,OOO-frsme-per-
secondmotion-picturecsmeraanda moving-filmcamera.Supportinginfor-
mationwasobtainedbypressuremeasurementssmdiongspmeasurements.

A rotaryortangentialmodeofoscillationinthefrequencyrange
of4000to 60CQcyclespersecondwasrevealedby the40,000-frsme-per-
secondphotographs.In additionto rotaryoscillations,longitudinal
oscillationsof approximately10CQcyclespersecondandsnotherlatersl.
modeof approximately10,000cyclespersecondwererevealedby the
streakphotographsfromthemoving-filmcsmera.

Erosionoftheplasticchsmberwallsindicatedheat-transferrates
duringscreamingoperationseveraltimesasgreatasduringnormaloper-
ation.Furthermorejscresmhginwhichtherotarymodewasdominant
causedgreatererosionperunittimethanscreaminginwhichthelongi-
tudinalmodewasdominant.

INTRODUCTION

Theoccurrenceofhigh-frequencycombustion-drivenoscillationsin
rocketcombustionchsmbershasbecomea majorprobleminthedevelopment
of lszgethrustunits.Theseoscillationssrecommonlyknownas scream-
ingbecausetheyare,usuallyaccompaniedby a characteristicintense
squeal.orhigh-frequencysoundwhichisaudibleabovethemgine exhaust
roar.Screamingjwhenit occurs,genersllyincreasesspecificimpulse
andcausesgreatlyincreasedratesofheattransferto thewallsofthe

& rocketcombustionchsmberwhichusuallyresultindestructionofthe
chsnber.

u

.
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Thereispresentlynopositivecureforthescreemingdifficulty.
Inpart,thisisduetothefactthatthecombustionmechanismswhich w
drivethehigh-frequencyoscillationssrenotwelldefined.A numberof _
papershaverecentlybeenpublished(refs.--l)2, and3)whichyieldcon-. siderableinformationaboutthehigh-frequencyco@ustionoscillation
phenomena.Ellisendothers(ref.1) showedsimultmeouspressuremess- ‘-
urementsat a seriesofpointsina scresmingrocketcombustionchmber
whichclearlyindicatethesustainedpropagationofa pressurewave

.—

throughtherocketcombustionchemberwithreflectlonsofthepressure co
waveattheinjectorandnozzle.endsofthechmiber.Reference2 gives 3
a correlationof longitudinaloscillationfrequencywiththelengthof m

thecotiustiorichsmber.Theobservationofthelongitudinalmodein
.-

thesecombustionchambers,however,doesnotprecludetheexistenceof
themanyotherpossiblemodesofoscillation.

BermanandCheney(ref.3)photographedoscillationsina rocket
enginethrougha “Qu&rtzwindowinthechmberby meensof theslitand
moving-filmtechnique.Theserecordsshowthatsmallpressuredisturb-
ancesinthechambercandevelopintopressureandflowoscillationsof ___ _

—

considerableamplitude.Theirestimationof thepressureratiosbased
—

onmeasurementsofthepropellantflowvelocitybeforeandafterthe
passageofthewave(ashock)indicatesthatthepressureratiosacross d-—
thewavedisturbanceareoftheorderof 4“

Combustion-drivenoscillationshavealsobecomeaprobleminthe
b

useof afterburnersforturbojetengines(refs.4 to 6). Reference6
showeda correlationbetweentheoscillationfrequenciesobservedin sev-
eralafterburnerconfigurationsandthetangentialacousticalmodesof
oscillationin a cylindricalchamber.Inthed?terburnerconfigurations
theoscillationsweresuppressedby useof a perforatedshellacoustical
baffleattheburnerwalls.

Inorderto gainfurtherinformationon thecombustionreactionsin
a rocketengineunderscreamingconditlons~directmotionpfcturesofthe

.—

combustionina 1000-pound-thrustacid-hydrocarbonrocketengineequipped
witha plasticchanibersectionhavebeenob~ainedwitha 40)OOO-frsme-
per-secondcamera.In addition,streak photographsofthecombustion
weremadewitha moving-filmcamera.Thisreportpresentsthesephoto-

—

graphsalongwitha analysisanddiscussionoftheresults.

APPARATUS —

RocketEngineandInstrumentation

Therocketengineusedfortheexperimentalinvestigationof scresJ.u- ●

ingcombustionwasa 1000-po~d-thrust~cooled~ocketUSiW Whitef~i~ . -.
nitricacidandJP-3fuelaspropellants.Hyperbolicignitionwas ~-.
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accomplishedby fillingthe
4 valvewithfurfurylalcohol

~!!!t .—-. 3

fuellinesheadofthepropellantcontrol
onwhichcombustionpersistealforabat 0.7

secondbeforeentrsmeofJP-3fuel.

Therocketengineassemblywasheldtogetherby tierodsandflanges
as showninfigure1. Rubbergasketswereusedto sealthetransparent
plasticsectionto adjacentcomponentsofthecombustionchamber.The
5$inch-longtransparentsectionwasmadeofpolymethylmethacrylate,a
clearplastic.Itwasmountedflushto theinjectorfacejexceptfor
thefewrunswhenitwasmountedneerthenozzle.Thelenseffectj
apparentinthephotograph,wasconsideredintheanalysisofthe
combustionphotographstidwasnullifiedby prop& selectionofre-
ferencepositions.

Thelengthofthecontmstionchamberfromtheinjectorto thethroat
ofthenozzlewas23 inches,andtheinternaldismeterwas4 inches.The
characteristiclengthL* ofthechemberwas116inchesfora throat

M dismeterof 1.76inches.c?
$ Theinjectorshowninfigure2 consistdof24 setsofrsilial
‘+ tripletimpingingJets.Eachsethadtwooxids.ntjetsimpingingon one
$ fueljet,with45°betweeneachoxidantjetandthesxiallydirected

fueljet. Thepropellantswereymped by high-pressureheliumgas,and
* thepressuredifferentialacrosstheinjectororificeswasapproximately

100poundspersquareinchforbothoxidsntandfuel.

Rocketenginethrust(accuracyof*2 percent)wasmeasuredby a
straingageloadcell.Propellantflows(accuracy,&5 percent)were
measuredwithorificesequippedwithstraingsgedifferentialpressure
transducers,audchsmberstaticpressurewasmeasuredby a straingage
transducer(accuracy,*5 percent).

SpecialInstrumentation

Mostofthecombustionoscillationdatawereobtainedby photographic
methods;additionalinformationwasobtainedby pressureandiongap
measurements.

40)000-frsme-per-secondcamera.- Thedirectlightfromthecombus-
tionwasphotographedthroughthetransparentsectionof thechemberby
theNACAhigh-speedmotion-picturecsmera(ref.7) at40)000framesper
second.Thiscamerawasusedtomagnifythetimescaleof a selected
shortsequence(about1/100see)of therocketcombustionin orderto

\ identifysndanalyzethehigh-frequencyoscillations.

Twoviewsofthechemberwererecordedsimultaneouslyinorderto-.* accomplisha thee-dimensionalanalysisoftheconibustionphenomena.
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Figure3 illustrateshowthiswasacco~lishedby viewingthechsmber
frompositionsapproximately90°apsrtad thenmergingthetwooptical w
lightpathsby mitablyplaced mirrorstopositiontheimagessideby
sideonthefilm.Becauseofthegeometryofthisparticularconfigu-
ration}theanglebetweenthetwoviewswasactuallyabout84°.

TheNACAhigh-speedcameraisa rotatingdrumtypeofcamerawith
—

opticalcompensationandemploysstandsrd8-millimeterfilm. Theoptical
compensation,describedinreference72utilizesa focal-planeshutter
thatdoesnotexposeallpartsofthephotographsimultaneously.How- g
ever,themotionofthefocal-plqneshutterwassetuptobe inthe m
directionofpropellantflowjconsequently,foreachstationalongthe
lengthofthetransparentsection,bothtop@ sideviewswererecorded
simultaneousIy. —

Moving-filmstreakphotogr~hy.- Oscillationfrequencies,shock
velocities,andpropellantflowvelocitiesweremeasuredfromstripfilm
recordsoftherocketcombustionbymovinga 16-millimeterfilmpastthe
imageof a slitat speedsof20to 35feetpersecond.Theslitwasa
1/4inchwidewindowmountedaiiallyfulllengthalongthecenterofthe
transparentsectionofthechsmber.As diagranunedinfigure4, sucha
filmprovidesa continuoustimerecordoftheluminositybehindthe K
slit.Themotionofa luminous(ordark)pocketof gasfromtheinjector
towsrdthenozzle,forexample,is resolvedIntoaninclinedline.Fora
givenfilmvelocity,theanglethestreakmakesonthefilmisa measure

&

ofthevelocityofmovementofthegaspocket.

Iongaps.- Twoiongapsweremounted90°apartatan axialstation
7 inchesfromtheinjectorface.Eachgapwasa conventional18-
millimetersingle-gapsparkplug. A 45-voltbatterywasplacedin series
withthegapanda 0.1megobmresistor,andthevoltageacrossthere-
sistorwasindicatedon anoscilloscope.Theplugs,whichwouldwith-
standseveralsecondsofnormaloperation,wereseverelyerodedina
muchshortertimeduringscreamingoperation.

ChamberPressureMeasurements

Pressuremeasurementsofhigh-frequencytransientsweremadewith
a Li-Liupickupflush-mountedinthechsxiber-wallabout3 inchesfrom
the
per
The
for

injectorwall. Thispickuphada r@uralfrequencyof28)000cycles
secondsnda linearresponseto 1000poundspersquareinchpressure.
pickupwasmountedin a steelchsmber ““’” ‘“- ... . .

theplasticsectionofthechamber.
secmonwnlcnwassu~szltuzea

●



OPERATINGPROCEDURE
●

Beforetherocketenginewasfired,theNACAhigh-speedcamerawas
broughtto normaloperatingspeed.Therocketwasthenoperatedmanu-
allyby thefollowingprocedure:automaticrecordinginstrumentsand
themoving-filmcamerawereturnedOnj theacidcontrolvalvewasopenedj
whenentrmceof acidintothechamberwasobserved,thefuelccmtrol
valvewasopened.Ignitionwasspontaneouswiththefurfurylalcohol
leadfuel. Flowregulationwasobtainedby presettingthecontrol
pressuresto thepneumaticallyoperatedflowcontrolvalves.

At theonsetof screamingcombustion,whichwasaudibleandwas
visuallyevidentby anintensebrighteningof‘theflsme,theshutterof
theNACAcsmerawastripped.Followingthis,theenginewasshutdown.
Totalrunningtimersm.gedupto 8 seconds.Thescreamingcombustion
portionrangedfrom1 to 3 seconds.

PERFORMANCE

Becauseofthetransientcombustioneffectsencountered,perform-
●

antewasevaluatedonthebasisofthrustsmdflowvalueswhichexisted
approximately0.7secondafterignition.Thistimecorrespondedapprox-

. imatelyto theendofthefurfurylalcohol-JPfueltransitionperiodand
thebeginningofthescresmingconibustion.

A plotof experimentalspecificimpulseagainstoxidant-fuelweight
ratiois show?ainfigure5. Theoxidant-fuelratiosforthescresming
runsvariedfrom2.9to3.9. Thetwononscresmingrunsshownhadoxidant-
fuelratiosof4.4sad4.7. Inspectionsftertheselattertworunsre-
vealedpsrtialblockingof theinJectororifices.Whetherthenonscream-
ingcombustionresultedfrompoorimpingementorfromtheoxidant-rich
mixtureratioisnotknown.

Themaximmntheoreticalte~eratureofthispropellantcombination
at a chsniberpressureof 300po~ds per squareinchhasbeencalculated
tobe abut 5275°R. Intheoxidaut-fuelratiorsngewherescresming
occurred,thetheoreticaltemperatureisestimatedtohe about45CQ0Rt
Therefore,theperformanceof 90percenttheoreticalshouldresultin an
approximatechambertemperatureof3650°R.

RE3JLTSANDANALYSIS

t Thedirectmotion-picturephotographstakenwiththeNACA40,000-
frame-per-secondcamerashowedevidenceoftherotarynatureandfre-
quencyofthelateraloscillation.Streak-filmrecordsprovideddata

& foranalysisofoscillationfrequencyanddirectionofwaveand
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propellantmotion.Iongapsconfirmedtherotaryanalysisofthehigh-
speedphotographs,andpressurepickupsprovidedmeasurementofthe
oscillationpressurestrength.Erosionoftheplasticchamberprovided
a relativeindicationofheat-transferrates.

Qualitativeimpressions,suchastheaudiblescreanheardbythe
operator,alsocontributedtotheover-allanalysisofthescreaming
phenomena.Forinstance,thetonecolorofthescreamvariedfromrun
torun. Soraeruns,thoseinwhichrotaryoscillationsoccurred,emitted
a clearintensenotejscreamsinwhim rotarywaveswerenotdominant
were,in comparison,vapidandunclesr.

Therecordingof combustionwavesby directphotographycreatesa
problemof interpretation.Theluminosityof a wavein a cotiustible
atmospheremayresultfromthecombustionreaction,fromthem =cita-
tioninthewavefrontdueto adiabaticcompression,orfroma combina-
tionofboth. Thelightemissionmayormaynotoccuratthewavefront;
inthisdiscussion,anytimeandpositionintervslsbetweentheactual
pressurewaveorwavefrontandtheobservedeffectstillbe considered
constaatin orderthattheperiodsof oscillationemdtheestimated
velocitiesmaybe consideredunaffected.

RotsryOscillationShownby 40,000-Frame-Per-SecondPhotographs

Thehigh-speedmotion-picturephotographsareillustratedinfig-
ure6. Successiveframesareprintedinnormalreadingmanner;theupper
imageofeachframeIsthetopview (At,~, etc.),andthel~er ~ge
isthesideview (As,B8}etc.).Theinjectorisat theleftofeach
image,andpropellantflowisfromlefttoright;propellantflow,when
photographedattheserates,istooslowtobe apparentinthefrsme-by-
framesequenceandcanbe observedonlywhenthesequenceisillustrated
as a motionpicture.Likewise,theoscillationsdesc~ibedinthenext
paragraphcanbe observedbestbymotion-picturepresentation.

Thebrightanddarkpartsof eachimageshiftfromframetofrsme.
H thepathofthebrightzoneisfollowed,fremeby frame,forboththe
topandsideviews,itwillbe apparentthatthebrightzonegenerally
movesfromsideto sidein a cyclicmanner.Thecyclicmotionisillus-
tratedas a linediegraminfigure7,whichshowsa shortsequenceof
figure6.

It is immediatelyapparentthattherespectivemotionsofthebright
zonesareoutofphase.Thirty-threecyclesoffigure6 wereanalyzed
andthephasedisplacementsbetweenthetopsndsideviewswerefoundto
be consistentlyindnedirection@ to averageabout85°. Theeffectof
imagedistortiondueto thelenseffectofthethickchamberwallswas
minimizedby consideringreferencepositionsforthephasemeasurement

:;

—

.—

.

t-
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atthesidesofthecylinder.Theslightdeviationfrom90°phasingis
probablydueto theapproximately6° angulardisplacementofthetop
viewmirror.Theonlyprobablemotionthatsatisfiesthedescribed
cyclingandphasingisrotary.No implicationisintendedthatcom-
bustionexistedonlyinthebrightsreas;theprecedinganalysisdepends
solelyupontheexistenceof a couibustiondisturbancethatshowedcycling
anda phasedifferenceinthetwoviews.

A cyclicbrighteningis appsrentinbothviewsofthechsmber.
Studyofthebrightestframesrevealsthattheseoccurwhentheluminous
zoneis onthenesrsideofthechsmber.Attenuationoflightinthe
otherfrsmesisprobablydueto absorptionby thechsmbergases.

Theaver~efrequencyof therotaryoscillationwasmeasuredinthe
sequenceoffigure6 as5200cyclesper second.Thisfrequencycanbe
compsredwiththeacousticalfrequenciesforthetransversemodesof s.
cylindricalchsnberwhichsregivenby theequation(ref.8)

f= c$/2r

where c istheacousticvelocity,r isthechsmberradius,and B
hasthefollowingvsluesforthefirstfewtr~sversemodes:.

J-la L!_lEl
Therotsrymotionoftheluminouszonein therocketchabercorre-

spondsmostcloselyto therotatingwaveformofthefirsttangential
transversemode.Forthismode,j3 is0.586sndis}of course,ilIdeP@-
entofwhetherthewaveisa standingwavesystem(sloshingmode)or a
rotatingwaveasobservedinthemotionpictures.If an acoustical
velocityof 3675feetper secondiS ass~ed~corresPo~@3to the~i-
mumtheoreticalflametemperatureof5275°R> thecalculatedmaximum
frequencyis 6460cyclespersecond.

Thelowerobservedfrequencyof 5200cyclespersecondmaybe ex-
plainedin eitheroftwoways: theobservedfrequencycorrespondsto a
chambertemperatureof only34030 R anda velocityof 2960feetper
secondjalternatively,theobservedfrequencymaycorrespondto a com-
binationof lateralandlongitudinalmalesofoscillation.

;

.
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OscillationsRecordedby Streak

Thestreakphotographsprovideddatafor

NACARME54A29

Photography

analyzingpropellantflow
velocities,pressurewavevelocities,andoscillationfrequencies.Fig-
ures8,9, and11 arerecordsoftheluminositybehindtheslitwhere
thetransparentsectionwaslocatedadjacentto theinjector.Figure10
showsstreakphotographsnearthenozzle.

Smoothpropellantflowisillustratedby figure8(a)andoccurred
duringflowofthe.startingslug.offurfurylalcohol.Duringsmooth
flow,thefirst2 inchesofthechamberremaineddark. Thefirstlumrl.-
nousstreakindicatesa gasvelocityof about80feetper second,which
isapproximatelythepropellantjetinjectionvelocity.Theapparentgas

velocityat station$ is approximately400feetpersecond.Thetheo- .
reticalgasvelocityin thechamberbasedonmeximmflametemperature
at90percentmeximumspecificimpulsewouldbe 360feetpersecond.

Figures8(b)and8(c)showperiodicfluctuationsofluminositythat
increasedinintensitytobecomewell-definedlongitudinalshocksin
figure8(d)in about0.02second.Theoccurrenceofthistransition
fromsmoothburningto longitudinalshockoccurredapproximatelyduring
thetransitionfromfurfurylalcoholtoJP-3fuel. Thefrequencyofthe
earlierfluctuationswasabout900cyclespersecond.Thefrequency
increasedto approximately1000cyclesperse-condwhentheshocks
occurred,whichereillustratedherein a

,~,1..tl =;$!{{:>.

,

sketch.

1111

G

Upstream1;;,
# >11 shock
;,~\\~
,8 ‘\ Downstreamz,,.\\\\\,, shook.“ \\’

—
+ 0.001+

seo ‘

Tfme 4

Theslightlyincreasedfrequencyduringshockoscillationmsybe dneto
increasedwavestrength,to increasedaveragechambertemperaturefrom
moreefficientcombustion,ortoboth.

Theacousticalfrequencyofthelongitudinalmodeofoscillationmay
be calculatedfromthesimplifiedequation

f = nc/22

Foren acousticalvelocityc of 3675feetpersecond(basedonmaximum
temperatureof5275°R) anda length2 of 20.5inches(tothestartof
theconvergingsection),theacousticalfrequencyofthefirst”(harmonic
order,n = 1)longitudinaloscillationshouldbe 1075cyclespersecond.
Iftheobservedfrequencyof1000cyclesper secondwereusedasa basic

~ “

co
3N-J

--

i-

“

.—
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parameter,theacousticalvelocitywouldbe 3415feetpersecondandthe
averagechambertemperaturewouldbe 45200R.

*
Sincethedownstreamshockmoveswiththegasflowandtheupstream

shockmovesagainstthegasflow,theapparentvelocitiesrelativeto
thechamberwallsredifferent(respectively,39~ and3150ft/see),as
evidencedby thedifferentslopesoftheshocklines.However,the
shockvelocitiesrelativetothegaswerenearlyidentical,andthe
velocityaveraged3500feetpersecond.

Duringtheintervaloflongitudinalshockgeneration,a lateral
oscillation(faintverticallines)withanapparentlyumiformfrequency
of approximately10,000cyclespersecondalsoappeared,as shownin
figures8(b)and8(c).Becausethefaintlinesarebsrelydiscernible
intheoriginalphotographsendthereforedifficulttoreproduce,the
osci~ationsareemphasizedinthesketch.

Propellant
flow

o~. %%
K \

Station,
\

wII111
-x*FIuw\ \

tn.from \ irregularities
Injeotor \ \ \ \\\

ILateral
5+

\ oscillation

;0.: 01 ;
sec

~

Thi~oscillationvariedslightlyinintensityandpersistedforabout
0.03second.Thefactthatthetracesareverticfimeansthattheentire
windowslitwasilluminatedatonetime,andthereforethattheoscilla-
tionprobablyhadnolongitudinalcomponent.

Iftheacoustic~velocitYof 3415feetpersecond(computedfrom
obse~edlongitudinaloscillationfrequencyof1000cycles/see)is
assumed,thelateraloscillationof10,~0 cyclespersecondreveals
that p is 0.976.Thisagreeswiththesecondtangentialmodein
which ~ equsls0.972.I

A moreprominentseriesofverticallinesindicatedotherlateral
oscillations,as shownby figures8(e)and8(f).
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Afterseveral“falsestarts”asindicatedby theshortvertical.lines,
thelateraloscillationsshowedanimpressivelyincreasedbrilliance-
alongtheentirelengthofthewindow.The@riod ofoscillationcor-
respondedto a frequencyof approximately6000cyclespersecond.The
frequencyattsineda maximumvaluewithina fewcyclesandgradually
diminishedduringysrtoftherunto anaveragevalueof about58U0
cyclespersecond.Onces}arted,thelinesofthestronglateralos-
cillationpersistedthroughouttheremainderoftherun. Theearlier
lateraloscillationsof10,000cyclespersecondandthelaterlateral
oscillationsof 6000cyclespersecondwere‘sodistinctlydifferentin
luminosity,aswellasfrequency,thatdifferentmodesofoscillation
areprobablysignified.

Inthestreakphotographs,thefrequencyandtheapparentlateraJ-
natureoftheoscillationcorrelatecloselywiththerotaryoscillation
indicatedby the40,~-frame-per-secondphotographs;presumablythe
lateraloscillationsof 6000cyclespersecondin thestreakphotographs
werealsorotary.Ifthislateraloscillationof 6000cyclespersecond
is assumedtohavean acousticalvelocityof3415feetpersecondcorres-
pondingtothecomputedvelocityfromlongitudinalfrequencies,P has
a valueof0.586.Thisslsoa@?eeswellwiththefirsttangentialmode
inwhich.@ is theoretically0.586.

Figu&e9 is slmilsrtothesequenceoffigure8 exceptthatthe
phenomenaoccurredin a shortertimeinterval.Figure9(a)is smooth
combustion.Thecyclicfluctuations,illustratedinfigure9(b),in-
creasedto stronglongitudinalshockwavesin only0.008second,as
seeninfigure9(c). Yhehigh-frequencylateraloscillationsat10,000
cyclespersecond,evidentin anotherruninfigures8(b)and8(c),are
apparentlymissing.The“falsestarts”ofthelowerfrequencylateral
oscillationaredistinctinfigure9(c),andtheonsetofcontinuous
stronglateraloscillationevidentlycausedexcessivestrainon the
chamber.Thechambercrackedin lessthan22lateral.cycles,asindi-
catedby theexplosivewhiteningoftheentiretilm.

.— m-

—

--
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—
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Thecombustionendoscillationphenomenanearthenozzleendofthe. chsmberweresimilsrtothoseneartheinjector.Figure10(a)shows
smoothcombustionwitha gasflowvelocityat stationl% of about425

feetpersecond.Thelongitudinaloscillationsatappradmately1000
cyclespersecondshowedtheusualshocklinediscontinuitiesasillus-
tratedinfigure10(b).An extrapolationoftheupstreamanddowmstresm
shockstointersecteachotherindicatesaneffectiveacousticalchsahr
lengthof 21.5inches,whichcorrespondsappro-tely tothedistance
to themidpointof theconvergentsectionofthenozzle.Thismesmre-
mentsndthepretiousvalueofmeasuredshockwavevelocitiesandlongi-
tudinaloscillationfrequencyareconsistentandagreeremarkablywell
withthetheoreticalcalculations.

Thelateraloscillationswereslsoevidentnearthenozzle,as shown
by figure1O(C).Thelateraloscillationsandthelongitudinalosci’i.la-
tionsusuallyexistedsimultaneously.Infigures8(e)snd8(f),the
longitudinaloscillationsme indicatedbythecyclic,brightdiagond

IStation,
Propellant in.fran
flow injector

5+ Ill

K:=i001

Time

111
zonesofpropellantflow. Thesediagonalshavea frequencyofabout
1000cyclespsrsecond.Infigmes@c) and10(d),~hel&gitudinal
wavessreindicatedby.dsrkzones,alsoat about1000cyclespersecond.
Theshocklinesofthelongitudinalwave,missinginfigure1O(C),
actuallybecomeMscernibleagaininfigure10(d)butsremoreclesrly
definedinfigures10(e)andlO(f).S~t&s thelater~osci~ations
aredominant,smdothertimesthelongitudinalmodessredminant;no
stren@hinterrelationseemsappsrent.

Ingeneral,theratioofthefrequenciesofthelateraloscilla-
tionsto thelongitudinaloscillationsvariedduringthecourseof a run
from~to 6. Sinceno fixedratioexistsbetweenthefrequencies,the
oscillationmodesappesrto-be acousticsd.lyindependentofeachother.
However,thisstatementisnotintendedto implythatonemodeof oscil-

L lationiswithouteffectontheother,andthepossibilityof someform
ofinterdependenceofoscillationsis showninfigures8(d)and9(c).
Thereflectionoftheupstreamlongitudinalwaveattheinjectorwsll

.

)
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injector
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d~ \ tudinalshock
I

2

apparentlystimulates,triggers,orinitiatesthelatereloscillation,
whichatfirstvanishesin a fewlateralcyclesonlytorestertatthe
nextreflectionofthelon@tudlnalwave. Infuturework,therelation
ofthistriggeringactionmaybe effectivelystudiedby suitablyplaced
bafflesor gridsneartheinJector.Inanycase,theeffectofgridsor
otherbafflesondsmpingthereflectionswillhelptoestablishthe
characteroftheoscillations.

An interactionis alsoindicatedinfigure10(d),wherethelateral.
*

osci32ationsappeartobe influencedby thepassageofthelongitudinal
wavesandtheslopesofthelaterallinestendtoparallelthelongi-
tudinalshocklines.

w

Combinedlateral-andlongitudinalvariationsareillustratedby
severalexsmplesinfigureI-1.EachofthensrrowinvertedverticalV’s
appearsto comprisetwowavesjoinedattheinjector.Thedeviationof

~Propellantflowline

Propellant
flaw

+

thewavesfrom
lateralwave.

in. from
Injector

d-+ m.station, xl II‘ALI
G ~~opella.t flowreversal

theverticelindicatesa longitudinalcomponentinthe
Theaveragefrequencyof4200cyclespersecondis similar

tothefrequencyofthelateraloscillationspreviouslydiscussed.The
absenceofanyperiodicchangesresemblingthelongitudinalfrequencyof
103Ocyclespersecondi+icatesthatthefundamentallongitudinalwave

4

isnotpresent.However,thepropellantflowlinesshowa discontinuity
in zig-zagfashionthatresemblesflowreversalduringthepassageof
thelateralwave.

● .
Theflowreversalwouldindicatethatthelateral

wavehada longitudinalcomponent.

—~L .+
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Thefrequencyof theseoscillationsvariedirregularlyfrom40C0to. 5~ cyclespersecondandseemedgreatestwhenthema~tude ofthe
longitudinalvelocitycomponentwasgreatest;thatis,tienthelineof
thelateralwavewasmostnearlyvertical.Theapparentvelocitiesof
propagationinthelongitudinaldirectionvsz’yforthewavesshownin
figureIl.fromanestimateof 9000feetpersecondto an infiniteveloc-
ity(verticaltrace).Thisis contrarytothehypothesisthatthese
wavesmaybe dueto a combinedlateralsmdlongitudinalmode. The
acousticalfrequencyof sucha combinedmodeis givenby theequation

f p/r)2+ (n/2)2

Theequationindicatesthattheoscillationfrequencyfora combined
modeis greaterthanthefrequencyforeithera puretransverseorlon-
gitudinalmodeof correspondingorder.

Lackof a fixedrelationbetweenthelongitudinalvelocitycomponent
ofthewaveandthefrequencyofthelateralcomponentmakesanyanelysis
uncertsd.n.

w

●

heat

IonGapTraces

Theiongapprobesprovedunabletowithstandtheextremelyhigh
transferunderscreamingcombustionconditions.However,saneindi-

cationof a rotating~ressurewaveis showninfigure12. Thetwoupper
tracesarecalibrationtracesof a 5000-cycle-per-secondoscillation
impressedsimulteneousl.yoneachprobe.Thetwolowertracesareion .
gapvoltagechangesofrun2,withthetwoprobesgeometricallyspaced
90°apartsmdeachprobeat an axialstation7 inchesfromtheinjector
face.

Theanalysisshowsa cyclingfrequencyof about6300cyclesper
second,withan averageangulexdisplacementof about105°. Thehigh
frequencyof 6300correlatescloselywiththeinitislfrequencyof about
60W cyclespersecondshownin figure8(e).

PressureMeasurements

Reproductionsofpressurerecordstakenduringa runinwhich
scresmingoccurredareshowninfigure13. Thepressuredetectorwas
mountedata positioncorrespondingto thecenteroftheupstream
transparentsection,except,of course,thattheplasticwasreplacedby

b a steelsectiontappedforthepickup.Althoughnotmadeinthessme
runthepressurerecordscorrelatewiththestreak-filmrecordsshownin
figures8 and9..
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Thebuild-upofthelongitudinaloscillationsto shock-fronted
wavesis showninfigure13(a).The
tightofthisstrip.Twoshocksper
dentlytheq’mtresmmovingshockand
theinjectorface(comparewithfig.
acrossthefirstshockrosefrcm225
persquareinch,a pressureratioof
surerosefrom350poundspersqusre

shockssreclearlyinikl.catedatthe .

cycleareshown;thefirstwaseti-
thesecondwasitsreflectionfrom
8(b)).Theindicatedpressure
poundspersqpareinchto450pounds
2;acrossthesecondshockthepres-
inchto 640poundspersqyareinch,

a pressureratioofabout1.8. Theratiobetweenmaximumandminimum
chamberpressureduringa cyclewas2.8. j“

m
Pressuretracestiterthedevelopmentofthe5000-cycleoscillation- ~

areshowninfigure13(b).Thepresenceofthelongitudinalnmdeoscil-
lationis evidentintheperiodicriseandfallof100poundspersquare
inchamplitudeinthecrestsofthepressurepeaks.Thenaturalfre-
quencyof thepickup(28,000cps)confusedtherecordsomewhatandIt is “—
difficultto aacertainwhetherthelaters3oscillationswereshock-
fronted.Foranaveragecycletheindicatedpressurevsriedfroma min-
imumof 210poundsper.squsreinchto a maximumof 870poundspersquare
inch,a pressure

Theplastic

riseratioofabout4.2.
.

PlasticChsmberErosion ,.
w

sectionofthecombustionchambererodedfasterunder —
scresmingcombustionthanundernormalsmoothcombustion.Inaddition,
thestrongclearscreemoccurredwithstrongrotaryoscillationandwith
thehighesterosionrates;thevapidscresmsaccompamledoscillations
whichwerepredominantlylongitudinalandwhichhadlowererosionrates.

Figure14is a plotofrsdialerosicmratesforseveralaxialsta-
tionsoftheplasticsection.Theerosionoftheplasticduringrotary
scresmingcombustionwasquiteuniformcircumferentially,andtheerosion
rateateachstationwasratheruniformwithsometendencytowarda
slightlyincreasedrateat stationsprogressivelyclosertotheinjector”.
Ontheother&d, scresmingcmnbustionwithoutrotaryosci.llatfonshowed
similaruniformlyconcentricerosionratesbutwitha decreasedrateof
erosiontowardtheinjector.Smoothcombustionshoweddefinitelynon-
uniformerosionratesconcentricallyandsxially.

Alltheerosionrateswerecomputedasaverages- totslerosion
dividedbysecondsofrunningtime. Thesmoothportionofeachscresming
rum(timeandextentoferosion)wassubtractedfromthetotslto obtain
a morerealisticaverageerosionrate.

Therotarymode
timesthatof smooth
duringpredominantly

$.
ofoscillationcausedaverageerosionratessix
combustion,whichisplottedasreference.Erosion -
longitudinalmodescreemingwasaboutthreetimes .
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1
thesmoothcombustionerosionrates.Althoughtheerosionratesofthe
plasticchsnherindicatedan appreciableincreaseofheattransferdur-

. inglongitudinalscresming,themostseveretrsnsferoccurredduring
rotsryscresming.

Therotarydisturb=cewasprobablyaccompaniedbyboundarylayer
chsngesatthecylinderwallas a resultofeithera decreasein the
effectivelsminsrboundarylayerthicknessor anincreasein turbulence
orboth. Thereductionofboundarylayerthiclmesswouldsubstantially
increasethetemperaturegradient;theturbulencewouldcausemacroscopic
gastransferto thewsll. Eitherconditioncouldcontributeto highheat
trsmsferto thewsll.

Fromthesemeaaurederosionratesit canbe postulatedthatthe
rotsrymodeofoscillationismoreconduciveto enginefailurethanthe
longitudinalmode. Duringoneof theintensescresmingrunsof about
3/4second,theinjectorfacewasseriouslyerodedandthepatternof
erosionindicateda tangentialoutwsrdswirl.A photographoftheeroded
injectoris showninfigure15.

● DISCUSSION

Themodesof oscillationobservedintheseexperimentshavebeen
. previouslystudiedby otherinvestigators.SmithandSprenger(ref.9)

conductedsmextensiveinvestigationofrotarytransversewavesin solid
propellantrocketengines.Therearenumerousinstancesofdamageto
injectorsandscorchpatternsin thechsniberwallswhichhaveindicated
theexistenceof spinningoscillationsin liquid-propellantrocket
engines(ref.10).

Thescreamingfrequenciesrecordedwiththisenginehavebeenshown
to correlatewithsimpleacousticalmodesof thechsmber.Theobse~ed
frequencieswereconsistentlysomewhatlowerthsmthefrequenciescal-
culatedfromtheoreticaltemperatureforthecorrespondingacoustical
modebecausethemeanchsnbertemperatureis logicallyalwayslessthan
thetheoreticalflametemperatureformaximumspecificimpulse.

Becauseofthecorrelationofobservedscreamingfrequenciesand
acousticalmodesof oscillation,screaminghasbeenconsideredtobe an
acousticaloscillationdrivenby conibustionthatis acceleratedduring
thehighpressurepsrtofthecycle,in accordancewiththeRayleigh
principle(ref.l.1).A numberoffundamentalpaperson studiesofheat-
drivenacousticaloscillationshavebeenissued.Reference5 Mscusses
theinfluenceofpropellantthrough-fluwon theoscillations.References

v 12,13,and14 giveresultsof oscillationsofrelativelylowamp~tude
studiedinburner-tubeexperiments;thisis in contrastwiththesevere
oscillationsobservedintherocketengines.
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Thestreakphotographsandthepressuremeasurementsinthisreport
indicatethatthepressurewavesin a rocketengineduringfullydevel-
opedscreamingarestrongwavesofpressureratios2 to4 andthatthe
longitudinalwaves,atleast,havedistinctshockfronts.Inthecase
ofrateryortransversewavestheremaybe considerabledoubtthatshock
frontssredeveloped;strongwavesoflargepressureratiosmayexistin
sucha two-dimensionalfield(thecrosssectionofthechsmber)without
developingdistinctwavefronts.Neitherthestreakphotographsnorthe
pressuremeasurementsaresufficientlyclearto settlethisquestion.

In seekingthecombustionmechanismwhichsustainsrocketscresming,
onemustsurveya numberofobservations.Evidentlythepressure&Ls-
turbancesacceleratethecombustionreactions,andthecombustionreac-
tions,in turn,sustainthepressurewaves.NotalltheunburnedPro-
pellantisnecessarilyconsumedbehindeachpressurewave;itismore
likelythat,in a rocketchamberwherethecombustionenvironmentis
heterogeneousandthepropellantsme incompletelymixed,thereaction
setoffby thepassageof a pressure wave consumes only thatpartof the
propellantmixturevaporizedendwithina ccanbustiblerange.Thetur-
bulenceandheatcausedbythepassageoftheshockfrontandby the
combustionwaveimmediatelyafterthefrontinduceincreasedvaporization
andmixingin theunreactedportionofthecharge,whichthenis sus-
ceptibleto “triggeringtlby a succeedingpressurewave. Thusa partic-
ularpocketofpropellantmixburemayaugmentordriveeachof several
waves.Itis apparentthataugmentationofpressurewavesdoesnot
demandignitionofunburnedchargebutmerelyaccelerationoftheburning
rate.

Ithasbeensuggested(refs.9,10,andp. 30 of15)thatthecom-
bustionmechanismmaybe relatedto detonation,thatis,a shock-fronted
pressuredisturb~cethatignitesunburnedpropellantsndderivesits
energyfromthetrailingconflagration.Thequalitativeagxeementof
thedetonationdefinitionwiththeobservationsof screamingcombustion
smdtheobserveddestructivenessof scresmingmakea detonation-like
mechanismreasonable.However,thepressureratiosandwavepropagation
velocitiesobservedinrocketenginessremuchlessthanthosefordeto-
nationofpremixedchargesin confiningtubes;thismaybe duetopartial
reactionaspreciouslydiscussed.Twootherfactorsstandout: (1)The
transverseoscillationsmaynotbe shock-fronted,smd(2)thepressure
wavemaymerelyaccelerateratherthaninitiatecombustion.Forthese
reasonsthetermdetonationmaynotbe enaccuratedescriptionofthe
reactionmechanismof screaming.

co
3to

—

—

Beforefullydevelopedscreamingoccurs,boththestreakphotographs
endthepressurerecordsindicatethatthelongitudinaloscillationsare
generatedfrominitiallywe”ak(acoustical)oscillations.In contrast,
thelateraloscillationsappearin theserecordstobe initiatedby *_

pretiousstronglongitudinaloscillations.Weakoscillationsarepre-
sumablypresentinthechamberevenduringnormalcombustion,possibly“- .
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L
as decayingreverberationsofrandomcombustionpulses.Thecombustion
reactionmechanismis apparentlysensitiveto eventheserelativelyweak

. pressurewavesandis sufficientlyrapidto reinforcethem. To accord
withtheRayleighprinciple,thecombustion“timedelay”must.be less
than0.00005second(1/4cycle)to reinforcea 5000-cycle-per-second
osci~ation.Fortheseweakwavesthetermdetonationseems
inappropriate.

Althoughthedatapresentedinthisreportdonotestablishthe
mechad.smsupportingthescresmingoscillatims,it appearsthata
couplingof strongwavereflectionphencmenain thechsmberwitha
pressure-sensitiveheatreleasemechanismisnecessarytoaqlainthe
observedeffects.Furtherfundamentalcombustionstudiesunderthehigh
pressureconditionsofrocketcombustionandstudiesoftechniquesfor
attenuatingstrongpressurereflectionswithinthechambersreneeded
topredictandcontrolscreaminginrocketengines.

SUMMARYOFRESUIX?S

A photographicinvestigationof ccanbustion-drivenoscillationsin
y a 1000-pound-thrustacid-jetfuelrocketengineeqti~d witha trans-
1% parentsectionandoperatingat 300poundspersqusreinchchem%erpres-

surehasrevealedthefollowinginformation:
.

1. Oscillationswithfrequenciesofroughly10CX3smd4000to 6000
cyclespersecondwereobserved.ThefrequencyofthelNO-cycle-per-
secondoscillationcanbe correlatedwiththelongitu~nalacoustical
mode;the6~-cycle-per-secondfrequencycanbe correlatedwiththe
firsttransversetangentialmode. The40,0(D-frame-per-secondpictures
takenwithtwoviewsshowthatthe60C&cycle-per-secondoscillationis
therotatingwaveformofthetransversetangentialwave;thatis,the
wavefrontrotatesaroundtheperipheryofthechsmber.

2.Fressuremeasurementsalongthewallofthechamberindicated
thatthelongitudinalwavesformedshockfrontswithpressureratios
beforeandaftertheshockofroughly2,anda ratioofnesrly4 between
maximmnandminimumchsmberpressureat differenttimesin a cycle.For
therotarywaves,pressureratiosofroughly4 betweenmsxhm andmin-
imumchsmberpressurewereobservedwithinstantaneousmsximumchamber
pressuresnear900poundspersquareinch.

3.Basedon theerosionoftheplasticsectionofthechsmber,the
heat-transferratewhenlongitudinaloscillationswerepresentwasabout
twicethatfornormalcombustionandaboutsixtimesnormslwhenboth
rotaryandlongitudinaloscillationswerepresent.s

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,February2,1954
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.0465Diam.

SectionA-A

Crosssectionof onesetofpropellantorifices.Injectorring
contains24setsoforifices.

Y.gure2.- Annulartriplet-impingementin~ectorfor1000-poundacid-hydrocarbon
rocketengine.
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Figure12. - Photographsshowingion-gapvoltage_changesduringsoreamingcombustionof
1000-pound-thrustrocketenginewithKFNAand=-3. .
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